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Abstract 

A statistical model for forward stimulated Brillouin scattering (FSBS) is developed for a spatially 
incoherent, monochromatic, laser beam propagating in a plasma. A threshold for the average 
power in a speckle is found, well below the self-focusing one, above which the laser beam spatial 
incoherence can not prevent the coherent growth of FSBS. Three-dimensional simulations confirm 
its existence and reveal the onset of beam spray above it. From these results, we propose a new 
figure of merit for the control of the propagation through a plasma of a spatially incoherent laser 
beam. 

PACS numbers: 52.35.Mw, 52.35.Fp, 52.38.Hb, 52.38.Bv, 42.65. Jx 
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Controlling the propagation of randomized laser beams through large scale plasmas is 
a crucial issue for inertial confinement fusion (ICF) 1|. Coupling of the high intensity 
laser electromagnetic wave to ion and electron plasma waves can lead to backscattering, 
spread,„g or bendiug of the laser light |2]. To avo.d such deletenous effeets and to improve 
the laser illumination uniformity, laser beam smoothing techniques have been designed p[. 
The resulting laser intensity distribution in the focal volume is made of many randomly 



led speckles. The statistical properties 
J| , but can be strongly modified by the 



distributed in time and/or in space spikes, the so-ca_ 
of such smoothed laser beams are known in vacuum 
interaction with the plasma. This phenomenon, referred to as plasma induced smoothing, 
arises from forward scattering of the laser light on the laser induced density perturbations in 

nriQ 

the plasma [5|, la, lZJ. Several processes of forward scattering on such perturbations, namely, 
self- focusing (SF), filament instability (FI), forward stimulated Brillouin scattering (FSBS) 
and multiple scattering (MS) have been considered. 

The relative importance of each of these processes depends on the average power carried 
in a speckle, (P), compared to the critical power for SF Pc = [Sir/kD cncTenc/riQ, 
where ko = 27r/Ao is the laser wave number, c is the light velocity, ric is the critical density 
and uq and Tg are the electron density and temperature, respectively. When (P) is about 
or above Pc, most of the speckles in the focal spot vehiculate a power above Pc and are thus 
unstable with regard to SF and FI. This regime corresponds to strong beam spray 

At lower intensities, plasma induced smoothing is due to FSBS seeded by the laser light 
MS on plasma density perturbations [3]. FSBS is well described in the case of a coherent 
incident pump wave )8] . The case of FSBS driven by spectrally broadened pump has been 
investigated in Refs. jol in the limit of very short coherence times. It is shown that, while SF 
is prevented by the pump incoherence, FSBS can be the dominant instability. In Ref. ^, the 
authors considered the case of a spatially incoherent, monochromatic, pump. They showed 
that the spatial growth rate of light scattered at large angles (compared to the incident 
beam aperture) is strongly reduced compared to the coherent case. However they restricted 
their study to the evolution of the average amplitude of the scattered electromagnetic wave 
. We will show that a correct description of the instability actually follows from the study 
of both daughter waves. 

In this Letter, a statistical model for FSBS driven by a monochromatic, spatially inco- 
herent, pump wave is developed. Propagation of the laser beam in the underdense plasma 
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with average electron density hq <^ Uc is described within the paraxial approximation. The 
wave electric field is separated into two components, the fields a^^ and associated with 
the incident laser beam and scattered wave, respectively. The vectors k are lying in the 
plane perpendicular to the beam propagation axis z. We assume small scattering angle, 
6^ -^l. For a given scattering angle 6^, we denote as the transverse wave number of the 
scattered wave k^ = ko Od, and k^ = — k^^ the ion acoustic wave wave-number associated to 
this scattered wave. The frequencies of the pump and scattered wave are uq and ujq — 
respectively, with ^l^^ = Cs|ks|. The equation for the scattered wave reads: 

ic^. + ^n'^^)a^^^ = 70 / cik^agaL^!,, (1) 

where Q,^^ = c^k.'^ / 2uJo is the frequency detuning due to diffraction 10]. The pump and 

(s) 

scattered electromagnetic waves are coupled to the ion acoustic wave with frequency 

(s) 

n'^'. It propagates with the velocity <^ c in the transverse plane. This low frequency 
plasma response to the ponderomotive force is described by a time-enveloped wave equation: 

[d, + + z ni^) = 70 / dk, a?>Lf , , (2) 

where i^s ^ acoustic damping rate. Amplitudes a^'^''^^ are dimensionless and 

the FSBS coupling constant is 7o = ^^kj c^o ('^o/'^-c) {I)/{8cncTe), where (/) is the incident 
laser average intensity. 

Statistical properties of the spatially incoherent, monochromatic, pump can be prescribed. 
For usual spatial smoothing technics, it follows Gaussian statistics with a zero mean value jj]: 

{ai!) = ag) = , ai)') = n£) S{k, - k'^), (3) 

where n\^^ is the pump spatial spectrum normalized to one: / dkpn\^^ = 1. It does not 
depend on the longitudinal coordinate z as long as the propagation distance is shorter 
than the beam Rayleigh length (which is typically a few mm under IGF conditions). For 
applications, a Gaussian spectrum is considered: n^^ = {p1/2ti) exp(— Pq kp/2), where po is 
the speckle width. 

Due to the pump incoherence, the scattered and acoustic fields are stochastic quantities 
and their statistical proprieties must be adressed. This is done by using the iterative method 



developped in Ref. 
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Letter, we restrict ourselves to study of the average fields (a^ ' ) and take, as a criterium for 



which allows to calculate the successive momenta of o!^'^\ In this 



the instability, the condition that at least one of the average field {a^) or {a^^) increases 
in time and/or space. We do not compute the average intensities because they 

can only evolve faster than maxIKa^f"*)!^, Kak"*)!^}- Applying the iterative method 11] to 
Eqs. dl]) and ([2]), the equations for (a[f are obtained in the Laplace space as an expansion 
in powers of the coupling constant ■Jq-. 

„2 



^0 , .nt.A 



7 + z/^ + Auj, 



(7 + = [ /" + C?(7o')J (5) 

^cq -\- lALUd 

where {a^'^^) = (Stt)^^ / dqd'y (a^'^''^'*) e''^"'"'^*. By introducing the half aperture angle of the 
pump 6p = [ko po)^^ and the scattering angle 6^ = Ik^^l/fco, one obtains for the spectral 
widths AuJs/^^^ = J2/tx dp/6d and AuJd/uJo = J2/7T 6p6d- In what follows, our attention 
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will be focused on the case 6^ ^ 6p and we will consider the ordering Ug <^ Aug ^ Aud- 
The validity of Eqs. (jlj) and ([5]) requires the expansion in powers of 7q to converge, which is 
assured when Kb <^ 1, where Kb = 7o/[(7 + Acj^) {cq + Aud)] is the so-called Kubo number. 

Let us first consider the evolution of the scattered wave amplitude {a^^)- The saddle point 
analysis of Eq. (jlj) leads to the following behavior: for large times t > t^at = (7o/'^^s)^ z/c, 
one obtains a spatial amplification: {a^h— exp q^!^^^f^ z , where qincoh = lo/{c Aus). This 
result is similar to the one obtained in Ref.|6|: the spatial growth rate of the average amplitude 
{cLT^j) is limited by the pump incoherence. Here, both temporal and spatial growth rate are 
negligible compared to the pump spectral widths Aus and Aud, and Kb = 7o/(Ac<Js Acu^). 
The condition for the validity of Eq. (jl]) can then be rewritten by introducing the average 
power in a speckle (P) = vr Pq (/) and becomes Kb — {P)/Pc ^ 1. For shorter times t < t^fj^, 
the scattered wave behaves asymptotically in time and z as: {(1^^) — exp (2 70 -y/tz/c — 
AuJst). In this transient regime, the spatial growth rate is smaller than ql^coh thus 
stays negligible compared to Aud- The condition for the validity of Eq. (jl]) in this regime 
becomes t < tf}i = {Aud/'-foY z/c, which is always fulfilled in the transient regime t < t^fjf 
Equation (jl]) is therefore valid in both regimes under the condition (P) ^ Pc. In both, 
convective and transient regimes, the growth of (a.^^) is strongly reduced by the pump 
incoherence. In what follows, this result will be referred to as the incoherent amplification 
of FSBS. 

A similar analysis of Eq. (j5]) provides the evolution of the ion acoustic wave average 
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amplitude {a^j- For times t > t^Jt = ilo/'^sy z/c, the ion acoustic wave grows spatially: 
(a^^) ~ exp(g^^)j — AuJa/cjz, where q'fjf^ = 7o/(ci^s) is the spatial growth rate of FSBS 
driven by a coherent pump. In this limit, Kb = Us/Aug, and the condition for the validity 
of Eq. ([5]) is fulfilled. For shorter times t < t\.Jf, the ion acoustic wave is in a transient 



regime (aj^* ) ^ exp (2'jo z/c — Aoua z — Ust). In this regime, Eq. is valid only for times 
t > t[^^i = AuJsY z / c. This time t^^l^ <^ t'^g^t does not exceed a few picoseconds for a 
millimetric plasma. Hence, the condition for the validity of Eq. ([5]) is quickly satisfied. 
The condition for spatial growth of {a!^^), cq'^X > ^^d, defines a threshold for the 



average power in a speckle: {P) / > y2/7i (us/Q^j) {9d/0p). Above this threshold, one 
observes a coherent spatial amplification (a^^) ~ expq^^^z, that is not reduced by the 

(s) 

pump incoherence. This result is so far valid only for times t > tlJ^. However, defining 



t ^ (Ac<Jd/7o)^ z/c. For a millimetric plasma, this time ranges between a few tenth to a few 
hundreds picoseconds, much shorter than the characteristic durations of ICF laser pulses. 
This lead us to the following figure of merit (FOM): 



where 7r has been introduced to account for the enhanced excitation of density per- 
turbations by thermal effects. In conditions relevant for ICF, this factor can be esti- 
mated as a function of the plasma charge Z and electron- ion mean-free-path Xef. 7^ = 
1 + 1.66Z5/^(po/Aei)^/^ [12]. This FOM has a straightforward physical meaning. The light 
scattered outside the cone with aperture C 6p is amplified in the incoherent regime. On the 
contrary, the light scattered inside this cone demonstrates a strong, coherent amplification. 
Thus, for C < 1, coherent excitation of FSBS occurs only for scattering angles 9d < 9p, i.e. 
in the cone of the incident wave. Enhanced FSBS in the incident aperture enhances plasma 
induced smoothing and in turn reduces the reflectivity of backward instability. Conversely 
for C > 1, coherent excitation of FSBS can occur outside the incident cone. In this regime 
C > 1, beam spray is thus expected. Because the ion acoustic damping rate Vg/^^] ^ 1, 
threshold ^ is well below the SF threshold. 

The effect of FSBS on beam spray has been confirmed in three-dimensional (3D) simula- 

n 

tions performed with the interaction code PARAX [13|. The laser propagation is described 





the effective spatial growth rate in the transient regime as g^^^ = {'~)Qct/ zf'^'^ — Acj^, one 
obtains that the pump incoherence does not affect the spatial amplification of {cl^]) for 




(6) 
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within the paraxial approximation. In current simulations, only the ponderomotive force 
is retained in the ion acoustic wave response. The Helium plasma has an electron density 
0.03 rZc, and the electron and ion temperatures are 500 and 50 eV, respectively. The ion 
acoustic wave velocity is — 0.17/im/ps and the critical power for SF is — 640 MW. 
The ion acoustic damping rate, i/<j/f2|^*j = 2.75, 5.5 or 8.25%, is chosen independently. A 
Gaussian laser beam with Aq = 1.053 /im is focused through a random phase plate providing 
a speckle pattern with coherence width po — 4.3 /im. The corresponding Rayleigh length of 
the speckle is = /cq Pg — HOpm. In order to avoid SF and FI, the average intensity is 
varied in the range (1.1 — 16) x 10^'^ W/cm^, corresponding to variation of the average power 
in a speckle (P) = vr Pq (/) from 1 to 14 % of Pc- A particular attention is paid to make 
sure that there is no speckle in the focal spot carrying a power above Pc- MS on density 
perturbations driven by the randomized beam, which is a non stimulated process, is kept 
to a rather low level by introducing a linear ramp-time ~ 130 ps ^ Po/cg in the laser 
intensity profile, then decreasing the initial density perturbations in the plasma Q]- 

The angular aperture of the light, defined as {0{z)) = (k^)^/^ = 

[Jdli.li.'^ n(k)/ Jd\s.n(k)]^^'^ , where n(k) is the laser spatial spectrum, has been calcu- 
lated all along the propagation through the plasma. It increases with time and with z. 
The aperture angle of the light transmitted after 1.2 mm propagation is shown in Fig. [1^ at 
t = 2 ns, as a function of the normalized average power in a speckle. Each curve corresponds 
to a given ion acoustic wave damping and consists of two parts. At low (P)/Pc, the angular 
aperture of the transmitted light is equal to (6'(0)): no angular spreading is observed. For 
higher powers, the aperture angle of the transmitted light increases with (P)/Pc, leading to 
strong beam spray at high intensities. 

In a complementary way, the distance over which the laser propagates with an aperture 
angle below 1.2(^(0)) is shown as function of (P)/Pc for different ion acoustic damping 
rates in Fig. [lb at t = 2 ns. At low (P)/Pc, the laser propagates over a long distance (a 
few mm) without suffering angular spreading. For higher powers, FSBS-induced beam spray 
limits the propagation to a few speckle Rayleigh lengths. The transition between controlled 
propagation and beam spray clearly depends on the ion acoustic damping rate. A rather 
good agreement is found between numerical results and theoretical predictions (Q, shown 
in Fig. [1] as vertical arrows. 

The temporal spectrum of the laser light has been computed taking a temporal window 
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between 1 and 2 ns. The spatial growth rate of hght scattered at the frequency cuq — 2 c^/ po 
has been estimated. It is plotted as a function of {P)/Pc in Fig. [2l In the low power 
regime, the spatial growth rate is less than 0.5 x lO^^yum^^. It evolves almost linearly 
with {P)/Pc and agrees rather well with predictions in the incoherent regime (dashed line). 
These numerical results confirm that, below the treshold power (jS]), the growth of FSBS is 
limited by the pump incoherence. On the contrary, when the power in a speckle is above 
the threshold power (see vertical arrows), much higher growth rates, in the range from 
(0.5 — 2.5) 10^^ yum^^ are observed. These results are consistent with expectations for the 
coherent regime. 

Our theory of FSBS driven by a spatially smoothed, monochromatic, laser beam is com- 
plementary to that developed by Lushnikov and Rose for a broadband pump with small 
coherence time, Tc ^ Po/cs- The conclusions concerning the coherent FSBS in this regime 
are similar as well as the predicted threshold. Our approach allows a better understanding 
of the transition from controlled beam propagation to FSBS-induced beam spray. In par 
ticular, according to the present analysis, the regime referred to as equilibrium in Ref. 
may rather be an incoherent regime of FSBS with weak, albeit existing, growth. A simi- 
lar approach for stimulated Raman scattering driven by an broadband pump was discussed 
recently in Ref. y. In connection with the results of Refs. [9i] and p^], we may conclude 
that laser beam incoherence can not prevent coherent growth whenever the temporal or the 
spatial growth rate of any of the daughter waves is larger that the corresponding effective 
bandwidth due to the pump incoherence. 

Beam spray has been reported recently in experiment 15|]. The authors observe a thresh- 
old for the angular beam spreading and attribute it to FI. For experimental conditions 
{no = 0.06 nc, Tg = 3.5 keV, Aq = 0.351 fim, Ug/Q^^ ^ 0.15 and the f-number /j = 6.7), the 
FOM ([6]) predicts beam spray for average power in a speckle (P) ~ 7.5% of Pc, where we 
have estimated Z ~ 5.3 for the CH plasma, Agj — 75 fim and po — (2/7r) Aq /j. It is in perfect 
agreement with the average power at the measured intensity threshold (/) ^ 2 x 10^^ W/cm^: 
(P) ~ TT Pq (/) ~ 0.07 Pc- It is significantly below the SF threshold, which prompts us to 
suggest that the observed beam spray is a direct consequence of the coherent FSBS rather 
than SF or FI. Last but not least, the dependence of the threshold ([6]) on the ion acoustic 
damping provides an important insight on the control of propagation of randomized laser 
beam through plasmas. We propose from Eq. a new, theoretically derived, criterion for 
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0.ljT^Xl[f^m]h,^—--[^] >1, (7) 



beam spray: 

Us Tie Te [keVJ \ 8 

where /13 is the laser average intensity in lO^^W/cm^ . Taking Us/^^^^ — 0.15 and 7^ — 
1.6 corresponding to the experimental conditions, this criterion leads exactly to the FOM 



suggested in Eq. (4) of Ref. 
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In conclusion, a statistical model for FSBS driven by an angularly broadened pump has 
been developped. It predicts a fast (coherent) growth of the daughter waves well below 
the SF threshold. This instability leads to a strong deterioration of the beam propagation 
which is not stabilized by the laser beam spatial smoothing. A threshold condition is derived 
providing a new FOM for the control of beam propagation through plasmas. The theoretical 
model is confirmed by 3D numerical simulations and provides an explanation for a recent 
experiment [15]. This transition from incoherent to coherent growth of FSBS associated to 
beam spray is of crucial importance for the design of forthcoming ICF experiments. 

Financial support from ANR under contract CORPARIN is acknowledged. 
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FIG. 1: (a) Dependence of the aperture angle of the transmitted laser beam on the normalized 
average power {Psp)/Pc at i = 2ns and z = 1.2mm. (b) Propagation distance over which the 
aperture angle remains below 1.2(0(0)). Arrows show the theoretical threshold ([6]). The ion 
acoustic damping rates are Us/^^^ = 2.75% (blue), 5.5% (green) and 8.25% (red). 
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FIG. 2: Dependence of the spatial growth rate of the scattered wave intensity after 2 ns on the 
normalized average power {P)/Pc. Same notations as in Fig. [TJ The dashed curve shows the 
incoherent growth rate. 
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